Two experiments were conducted to determine the optimum protocol for maximizing meat quality with CaC12 injection. Experiment 1 compared the effects of 30 min or 24 h postmortem injection of 175 mM CaCl2 or water at 10% (wt/wt) to controls on various measures of meat quality. An injection of CaC12 reduced ( P < .05) shear force values in all three beef muscles evaluated (longissimus, semimembranosus, and triceps brachii). Retail lean color was not affected ( P > .05) by a CaCl2 injection at 24 h postmortem, but was slightly darker ( P < .05) for an injection a t 30 min postmortem. Psychrophilic and total aerobic microbial counts were higher ( P < . 0 5 ) in 30-min than in 24-h treatments and were higher ( P < .05) in CaC12-or water-injected semimembranosus muscle than in the control, but the treatment differences were minimal in 24-h injected meat. Experiment 2 compared the effects of 24-h postmortem injection of 200 mM or 250 d CaCl2 at either 5 or 10% (wt/wt) to controls on meat quality traits. Both 200 and 250 mM CaCl2 reduced ( P < .05) shear force values compared with the control. In addition, variation in shear force was decreased ( P < .05) with CaCl2 injection. Beef flavor intensity was slightly lower ( P < .05) and off-flavor ratings were slightly higher ( P < .05) in CaCl2-injected meat, but the small differences were of no practical significance. Retail lean color was not affected ( P > .05) by injection of the CaCl2 at 24 h. Injecting 200 mM CaCl2 at 5% (wt/wt) into 24 h postmortem meat can produce consistently tender meat without compromising other palatability or lean quality traits.
Introduction
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Received April 8, 1993 . Accepted June 25, 1993 solution (10% by weight of a 300 mM solution) into prerigor meat enhances and accelerates postmortem tenderization (Koohmaraie et al., 1988 (Koohmaraie et al., , 1990 Koohmaraie and Shackelford, 1991; Morgan et al., 1991a; Wheeler et al., 1991) . Maximum tenderization can be accomplished by 1 d postmortem with this process. However, Morgan et al. (1991b) reported the average postmortem aging of retail beef was 17 d and a majority of retail beef cuts reached the retail case between 10 and 30 d postmortem. Wheeler et al. (1992) found that postrigor injection of beef with CaCl2 (10% by weight of a 300 mM solution), if aged to 7 d postmortem, resulted in similar tenderization as prerigor injection. Morgan et al. (199 l a ) reported that 300 d CaC12 resulted in bitter and metallic offflavors. However, if the concentration and(or1 the injection level of CaCl2 could be reduced, flavor problems might be avoided. Thus, the objective of t h s research was to determine the minimum concentration and injection level of CaCl2 that improves meat tenderization a t 7 d postmortem.
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Materials and Methods
Animals
The Roman L. Hruska U S . Meat Animal Research Center Animal Care and Use Committee approved the use of the animals in this study. Seven Brahman x MARC I11 composite (1/4 Hereford, 1/4 Angus, 114 Pinzgauer, 1/4 Red Poll) and three 1/2 Charolais x 1/4 Sahiwal x 1/4 Angus steers (Exp. 11, and seven 112
Red Poll x 1/4 Nellore x 1/4 Hereford and three 112 Charolais x 1/4 Sahiwal x 1/4 Hereford heifers (Exp. 2), weighing approximately 340 kg, were given ad libitum access to a diet formulated to meet NRC requirements for optimum growth of beef cattle (NRC, 1984) . The cattle were slaughtered a t approximately 475 kg according to standard procedures.
Treatments
Experiment 1. At 30 min postmortem, the longissimus ( LM) , semimembranosus ( SM) , and Triceps brachii (TB) muscles were removed from one side of each carcass (alternating sides from carcass to carcass). The LM was removed between the 13th rib and 4th lumbar vertebrae. The LM and SM muscles were cut into three equal sections that were randomly assigned to control, water injected (lo%, wt/wt), or CaCl2 injected (1070, by weight of a 175 mM solution) within each muscle. The water injected and the water used to make CaC12 solutions was distilled and deionized, and was 23°C when injected. The TB muscles were cut into two equal sections, which were randomly assigned to control or CaC12 injected as described above. Muscle sections were injected with a hand stitch pump with four needles inserted into the cut a t various locations to ensure even distribution of injected solution. Meat temperature a t the time of the 30-min injection was 34°C. After injection, sections were allowed to drip for 5 min, then weighed to determine final percentage injection. After weighing, all injected and control sections were vacuum-packaged and chilled a t 2°C until 24 h postmortem. At 24 h postmortem, the same three muscles were removed from the alternate sides, sectioned, and injected (meat temperature 2°C 1, weighed, and vacuum-packaged as described above. All control and treated sections were stored a t 2°C until 7 d postmortem.
Experiment 2. At 24 h postmortem, the LM, SM, and TB muscles were removed from both sides of each carcass. The LM and SM muscles were cut into three sections that were randomly assigned to control, 200 mM CaC12, or 250 mM CaC12, within each muscle. The TB muscles were cut into two sections that were randomly assigned to control or injected with 250 mM CaCl2 as described above. The muscles from left and right carcass sides were assigned alternately to injection at either 5 or 10% (wt/wt). After injection, sections were allowed to drip for 5 min, then weighed to determine final percentage injection. After weighing, all injected and control sections were vacuumpackaged and chilled at 2°C until 7 d postmortem.
At 7 d postmortem, the vacuum packages were opened and the drip loss (purge) was weighed. The sections from each muscle were cut into three, 2.54-cm thick steaks. Two of the steaks were frozen (-30°C) at 7 d postmortem. The third steak was placed on a plastic-foam tray, over-wrapped with polyvinyl chloride film, and displayed in a simulated retail case a t 2°C under 2,153 lx of cool white fluorescent light continuously for 7 d (Exp. 1) or 5 d (Exp. 2). The distance from the light source to the meat surface was 34 cm. The steaks were evaluated for lean color (1 = bleached red, 4 = cherry red, 8 = very dark red) based on Standards for Beef Color, Research Report 336, New Mexico State University, and percentage of discoloration ( 1 = 0%, 4 = 20 to 5996, 7 = 100%) according to the procedures of Hunt et al. (1991) , after a 3-d display by a five-member, trained panel. At the end of the retail display, the SM (Exp. 1) or LM (Exp. 2 ) muscles were removed from the packages and sampled for microbial counts.
Microbiological Determinations
The steaks were handled with sterile forceps during sampling for microbial assessment. A rectangular sample was cut from the center of each steak with a sterile scalpel on a sterile polypropylene cutting board. The sample was cut into 1-cm3 cubes and 25 g was weighed into a stomacher bag. The samples were stomached in 225 mL of peptone buffer for 2 min.
Samples were plated at 10-1 and lop3 dilutions with a spiral plater on plate count agar (trypticase soy agar). Two plates were incubated at 20°C and two plates were incubated at 35°C for 48 h. Plates were counted and expressed as log colony-forming units (cfu) per gram of muscle.
Shear Force and Sensory Evaluations
Frozen steaks for Warner-Bratzler shear force determinations were stored a t -30°C for 7 to 10 d before thawing and cooking. Warner-Bratzler shear force was determined as described previously (Wheeler et al., 1991) . Steaks for sensory evaluation were prepared and evaluated as described by Crouse et al. (1989) for juiciness, tenderness, and beef flavor intensity. In Exp. 2, off-flavor was scored on a 4-point scale (1 = intense, 4 = none).
Statistical Analyses
Data were analyzed by ANOVA with the GLM procedure of SAS (1988) . Experiment 1 was conducted as a split-plot design. The whole plot was time of injection (prerigor or postrigor) and the split plot was injection treatment (control, 175 mM CaC12, or water). The whole-plot error term was replication x time of injection and the split-plot error term was the residual error. Experiment 2 was conducted as a splitplot design. The whole plot was percentage injection ( 5 or 10%) and the split plot was concentration of CaCl2 (0, 200, or 250 mM) . The whole-plot error term was replication x percentage of injection and the splitplot error term was the residual error. Means separation for a significant ( P < .05) main effect was accomplished with the PDIFF option of the least squares procedure ( a painvise t-test). Because treatments were not balanced across all muscles, muscles were not statistically compared.
Results
Experiment 1
Shear force was reduced ( P < .05) in CaCl2-injected LM muscle compared with the control, regardless of the time of injection (Table 1) . However, water injection reduced ( P < .05) shear force of the LM when injected a t 24 h postmortem, but not at 30 min. The SM and TB muscles treated a t 24 h had lower ( P < .05) shear force values than those injected at 30 min postmortem. In addition, control SM and TB had the highest ( P < .05) shear force and calcium injected the lacking a common superscript letter differ ( P < ,051.
lowest ( P < .05) shear force, regardless of injection time. Water injection did not affect ( P < .05) shear force of the SM, regardless of injection time.
Sensory tenderness ratings were higher ( P < .05)
for the LM injected with CaCl2 a t 24 h than for the control at either time or water injection at 30 min ( Table 2) . Injection of LM with water a t 30 min resulted in the lowest ( P < .05) tenderness ratings. Juiciness ratings were lowest ( P < .05) in the LM injected with water a t 30 min postmortem. Beef flavor intensity ratings were lower ( P < .05) in LM injected with water than in CaClz-injected LM, but were not different ( P > .05) than the control, regardless of treatment time. Lean color scores after 3 d of retail display were darkest ( P < .05) in LM injected with CaC12 at 30 min and lightest ( P < .05) in LM injected with water at 30 min ( Table 3) . Lean color for the 30-min control LM was darker ( P < .05) than for LM injected with CaCl2 or water at 24 h. Control and CaCl2 injected SM at 30 min had darker ( P < .05) lean color than all other treatments. The TB muscle injected with CaCl2 was darker ( P < .05) than the control if treated a t 30 min postmortem, but was not different ( P > ,051 when injected a t 24 h. Treatment at 24 h did not affect ( P > .05) lean color scores in any muscle. Percentage of discoloration was not affected ( P > .05) by injection aPostmortem time of injection. b175 mM at 10% by weight. '10% by weight. d4 = cherry red, 5 = slightly dark red, 6 = moderately dark red, 7 = dark red. el = none, 2 = slight (1-19%), 3 = small (20-39%). f,g,h,iMeans in a column, within a main effect or interaction, lacking a common superscript letter differ JNot measured ( P ,c ,051.
treatments, regardless of time of injection in any muscle. In Exp. 1, psychrophilic and total aerobic microbial counts after 7 d of retail display were greater ( P < .05) in meat from the 30-min treatments than in that from the 24-h postmortem treatments (Table 4 ). In addition, microbial counts were higher ( P < .05) for meat injected with either CaC12 or water, but it seems this effect may have been due primarily to the 30-min injection treatment (although the interaction was not significant). Furthermore, the differences in microbial counts between the CaCl2-treated meat at 24 h and control meat were not of practical significance.
Experiment 2
In Exp. 2, psychrophilic and total aerobic microbial counts were not affected ( P < .05) by the presence, amount, or concentration of CaCl2 (Table 4) .
Injection amount ( 5 vs 10%) did not affect ( P > .05) shear force in any muscle (Table 5 ) . Shear force was lower ( P < . 0 5 ) in LM or SM injected with either concentration of CaC12 than in the control. In TB muscle with 5% injection, 250 mM CaCl2 resulted in lower ( P < .05) shear force, but for 10% injection there was no difference ( P > .05) between control and 250 m M CaC12.
The injection amount did not affect ( P > . 0 5 ) sensory tenderness or juiciness ratings (Table 6 ).
However, the 5% injection resulted in LM with higher ( P < .05) beef flavor intensity and less ( P < .05) offflavor than the 10% injection. Sensory juiciness ratings of the LM were not affected ( P > . 0 5 ) by CaC12 concentration. However, both 200 and 250 mM CaC12 treatments resulted in higher ( P < .05) tenderness ratings than the control. Beef flavor intensity was not different ( P > . 0 5 ) between control and 200 mM CaC12, but 250 mM CaC12 was lower ( P < .05) in beef flavor intensity than either control or 200 mM CaC12.
Off-flavors increased ( P < .05) as CaCl2 concentration increased in LM.
Sensory traits of the SM did not vary ( P > .05) with injection amount. Calcium chloride concentration did not affect ( P > .05) tenderness or juiciness ratings of SM. Beef flavor intensity decreased ( P < .05) and offflavors increased ( P < .05) as CaCl2 concentration increased in SM. Off-flavors were most often identified as "sour," "bitter," and(or) "salty."
The injection amount did not affect ( P > .05) any sensory trait of TB muscle (Table 6 ). Tenderness and juiciness ratings of TB muscle were not affected ( P > lacking a common superscript letter differ ( P < ,051.
.05) by CaCl2 concentration. However, 250 m M CaC12 injection resulted in lower ( P < .05) beef flavor intensity and increased ( P < .05) off-flavor ratings compared with those of the control TB muscle. An interaction ( P < .05) for retail lean color between injection amount and CaC12 concentration was detected because 200 mM CaCl2 injected at 10% gave LM with lighter ( P < .05) lean color than the control at lo%, but at 5% injection, 200 mM CaC12 was not different ( P > .05) from the control ( Table 7 ) . Lean color of the SM was not affected ( P > .05) by any treatment. Lean color of TB muscle injected at 10% was darker ( P < .05) than with 5% injection, and 250 mM CaC12 resulted in lighter ( P < .05) lean color than control TB muscle. Lean discoloration of LM was not affected ( P > .05) by treatments. However, in SM, 10% injection resulted in less ( P < .05) discoloration than 5% injection. In addition, control SM had less ( P < .05) discoloration than CaC12-injected SM. An interaction ( P < .05) between amount and concentration of CaCl2 was detected in discoloration of TB muscle because at 5% there was no difference ( P > .05) between control and 250 mM CaC12, but at lo%, 250 mM CaC12 injected TB muscle had more ( P < .05) discoloration than control TB muscle.
The concentration of calcium in the LM tended ( P = .07) to increase as injection amount increased (Table m (Table 8 ) . However, injection of both concentrations of CaC12 resulted in greater ( P < .05) cooking loss in all muscles than in the control. Drip loss was not affected ( P > .05) by injection amount in LM (Table 8) . Drip loss was greatest ( P < ,051 in LM injected with 200 mM CaCl2 and least ( P < .05) in control LM. In SM, 10% injection had greater ( P < .05) drip loss than 5% injection. As in LM, 200 mM CaCl2 injected SM had the greatest ( P < .05) drip loss and control SM the least ( P < .05). The interaction of percentage of injected and concentration of CaC12 was significant ( P < .05) for drip loss in TB muscle. The difference in drip loss between control and 250 mM CaC12 was twice as large ( P < .05) in the 10% injection compared with the 5% injection.
Discussion
The effectiveness of injecting or infusing 300 mM CaC12 into prerigor meat for improving tenderness has been well established (Koohmaraie et al., 1988 (Koohmaraie et al., , 1990 Morgan et al., 1991a; Wheeler et al., 1991) . Tenderness of postrigor meat also has been improved by soaking beef strips obtained at 1 d postmortem in 30 mM CaCl2 for 24 h (Alarcon-Rojo and Dransfield, 19891, marinating steaks removed at 5 d postmortem in 150 mM CaCl2 for 48 h (Whipple and Koohmaraie, 1993) , or injecting LM muscle at 24 h postmortem with 300 mM CaCl2 (Wheeler et al., 1992) . By injecting at 24 h postmortem and aging until 7 d postmortem, it may be possible to decrease the level of CaCl2 injected.
In Exp. 1, shear force of meat injected with 175 mM CaC12 at 30 min postmortem was not reduced as much compared with the control as has been reported for 300 mM CaC12, but was in agreement with the results of Koohmaraie et al. (1989) . In fact, in contrast t o the findings of Wheeler et al. (1992) , CaCl2 injection at 24 h postmortem resulted in greater reduction in shear force than when CaC12 was injected a t 30 min postmortem. This discrepancy with previous work may be due to the lower concentration of CaClz used (175 vs 300 mM). Although Exp. 1 confirms that injection of CaCl2 into postrigor meat can be used to improve meat tenderness, the data indicate that 175 mM CaCl2 a t 10% (wt/wt) may not be a high enough concentration to ensure a consistent improvement in tenderness in all muscles. Even though the meat used in Exp. 2 was relatively tender, injection of 200 or 250 mM CaCl2 at either 5 or 10% (wt/wt) reduced shear force of all three muscles. Sensory tenderness ratings were higher for CaCl2-injected meat than for control meat from Exp. 2, but the difference was significant only for the LM muscle. Although the difference in mean shear force or tenderness rating between control and CaCl2-injected meat was not great (because control meat was relatively tender), 60 to 100% (depending on the muscle) of CaCl2-injected meat had shear force values < 5.0 kg in Exp. 1 (using 175 mM CaC12). In Exp. 2, 80 to 100% of the CaCl2 injected meat (200 or 250 mM CaC12) had shear force values < 5.0 kg. In addition, both least squares analysis of the squared deviations from the mean for shear force and a Bartlett's test of homogeneity of variances for shear force indicated that CaCl2 injection reduced the variability in shear force (data not shown). Thus, CaCl2 injection greatly reduces the variation in tenderness and reduces or eliminates the occurrence of tough meat. Furthermore, the data also indicate that meat that is initially tender (< 5.0 kg) will not be over-tenderized by CaCl2 injection.
Sodium chloride has long been used for its positive effects on preservation and flavor of meat. Most consumers consider the salty taste that sodium chloride imparts to meat as favorable. However, other chloride salts (e.g., CaC12) are not only salty, but also may taste bitter when used at the same levels as sodium chloride. The maximum amount of salt in meat products for desirable taste has been reported to be 2.3% for sodium chloride and .6% for CaCl2 (Wierbicki et al., 1957) . These data indicate that the amount of CaCl2 injected in these studies (.05 to .3% in the meat) should not adversely affect meat flavor. Flavor evaluation of CaCl2-injected meat has been conducted by trained descriptive attribute panels and trained flavor profile panels. Morgan et al. (1991a) reported that CaC12 injection (10% of a 300 mM solution) of cow meat resulted in greater flavor intensity ratings than in control cow meat. They also reported that panelists detected a greater percentage of metallic, bitter, and livery flavors in the CaCl2-injected meat. However, Miller et al. (1986) reported that addition of CaC12 at 5% (wt/wt) as a substitute for sodium chloride in restructured steaks did not affect flavor desirability. St. Angel0 et al. (1991) reported that meat from lamb carcasses infused at 10% (wt/wt) with 300 mM CaC12 had slightly increased salty and bitter flavor notes, but that desirable flavor attributes were not affected. However, when ascorbic acid was added to the infusate, the bitter flavor was not detected. Experiment 1 of the present study indicates that flavor was not a problem in meat injected with 175 mM CaC12. In Exp. 2, 200 and 250 mM CaCl2 injected at 10% (wt/wt) increased off-flavor ratings. However, meat injected with 200 mM CaC12 at 5% (wt/wt) received similar beef flavor intensity and off-flavor ratings as the control meat. In agreement with our findings, generally little or no effect of CaC12 infusion or injection on juiciness ratings has been reported in previous work (Morgan et al., 1991a) . Thus, 5% (wt/wt) of a 200 mM CaCl2 solution is the optimal amount to ensure tenderness improvement and minimize off-flavor potential. Certainly, the final test will be consumer evaluation of CaCl2-injected meat that is seasoned normally. Traditionally, lean color has been the main criterion for evaluating freshness of retail meat, and thus is a key component of consumer purchase decisions for retail beef. Maintenance of a bright red oxygenated lean color of fresh retail beef is dependent on several factors and is usually limited to 3 to 5 d of retail display. Salts are pro-oxidants and may cause discoloration when added to fresh meat in amounts as low as .5 to .75% NaCl (Huffman, 1980) . Govindarajan ( 19 7 3) reported that 3.0% NaCl accelerated pigment oxidation in fresh meat. Stewart et al. (1965) reported that 5.0% NaCl inhibited the metmyoglobin reducing activity. However, Miller et al. (1986) reported that CaC12 at .5 or 1.0% resulted in improved raw color scores and more desirable raw visual appearance of restructured beef steaks compared with the control steaks with no salt. In Exp. 1, retail lean color of CaCl2-injected steaks was not different from controls if injected at 24 h postmortem. Water injection caused a "bleaching out" of pigments resulting in lighter lean color than in controls. Surface discoloration was not affected by 175 mM CaCl2 injection regardless of time of injection. In Exp. 2, CaC12 injection at 5% (wt/wt) had no effect on lean color or discoloration scores.
It is possible that the insertion of injection needles into the meat during CaC12 injection could contaminate the meat and increase the microbial load, thus decreasing the shelf-life of the meat. However, it has been reported that blade tenderization of meat (representing an invasion of intact muscle similar to needle injection) did not reduce the microbiological quality or retail case-life of meat (Davis et al., 1977; Leak et al., 1987) . Furthermore, Eilers et al. (1992) reported that CaCl2 injection did not affect the microbial load of mature cow meat. The injection of calcium chloride into prerigor meat resulted in greater microbial counts than in that of postrigor meat, but postrigor injection had little effect on microbial counts compared with the control meat. This effect probably resulted from the higher temperature at the time of injection of the meat from the 30-min than from the 24-h injected meat.
The calcium concentration in the meat was increased with the injection of CaC12 and was greater for 250 mM than for 200 mM CaC12. In addition, 10% (wt/wt) injection tended to result in greater calcium concentration than 5%. The lack of a greater increase in calcium concentration between 5 and 10% injection may have been due to the inability of the meat to absorb the same proportion of the 10% injection as the 5% injection. The increase in calcium concentration due to CaCl2 injection was proportional to previously reported data for injection of 300 mM CaC12 at 10% (Morgan et al., 1991a) , and for infusion of 300 mM CaC12 at 10% . Injection of 200 mM CaC12 at 5% results in approximately 250 ppm of calcium in the meat, a sevenfold increase over controls. This increase in calcium concentration would provide a much-needed source of dietary calcium for the American consumer (Heaney and Barger-Lux, 1991) . Drip loss during vacuum-packaged storage represents the degree to which the meat was able to retain the added moisture from the injection. Obviously it was much higher for the injected treatments than for the control. The amount of drip loss was not proportional to injection level in all three muscles and the 200 mM treatment had greater drip loss than the 250 mM treatment. This effect was consistent with the increased water-holding capacity associated with increased salt content (Hamm, 1960; Sherman, 1961) . The combined effect of greater drip and cooking loss in the injected treatments than in controls may explain the lack of difference between treatments in juiciness ratings of the cooked steaks. Previous research indicates there is no consistent effect on cooking loss. Wheeler et al. (1991) reported that cooking loss was increased with CaC12 injection. Koohmaraie et al. (1990) and Wheeler et al. (1992) found variable effects on cooking loss and Morgan et al. (1991a) reported no effect on cooking loss due to CaCl2 injection.
Implications
These data indicate that injection of CaCl2 can be performed on postrigor or prerigor meat to improve meat tenderness. The optimal combination of concentration and level of CaCl2 for 24 h postmortem injection is 200 mM and 5% (wt/wt). Injection of 200 mM CaCl2 at 5% (wt/wt) can be used to eliminate tough meat without compromising other meat quality traits.
